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Abstract: Solvation of [(CNT)Ln(n®-COT)] (Ln=La,
Ce, Nd, Tb, Er; CNT =cyclononatetraenyl, i.e., CoHy™;
COT =cyclooctatetraendiid, i.e., CgHg’ ") complexes with
tetrahydrofuran (THF) gives rise to neutral [(n*-
CNT)Ln(thf),(n®*-COT)] (Ln=La, Ce) and ionic [Ln-
(thf),(0*-COT)][CNT] (x=4 (Ce, Nd, Tb), 3 (Er))
species in a solid-to-solid transformation. Due to the
severe distortion of the ligand sphere upon solvation,
these species act as switchable luminophores and single-
molecule magnets. The desolvation of the coordinated
solvents can be triggered by applying a dynamic vacuum,
as well as a temperature gradient stimulus. Raman
spectroscopic investigations revealed fast and fully
reversible solvation and desolvation processes. More-
over, we also show that a Nd:YAG laser can induce the
necessary temperature gradient for a self-sufficient
switching process of the Ce(III) analogue in a spatially
resolved manner.
J

Introduction

In recent years, the intriguing physical properties of
lanthanide compounds and materials, that originate from
their partially filled 4f-orbitals resulted in a surge of novel
synthetic methods and theoretical approaches. Research has
mainly been focused on the development of single-molecule
magnets (SMMs) and luminescent compounds.! Both are
often aiming at future applications in advanced technolog-
ical devices. These promising prospects in particular stimu-
lated the search for high-performance SMMs that could
practically be integrated in real-world data storage architec-
tures and quantum computers.”) Most systems developed in
this context rely on rigid and strongly bonded ligand
moieties that can be specifically tailored to enhance the
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anisotropic properties of lanthanide ions.”) However, this
often contradicts another field of possible applications that
has attracted considerable attention; that of molecular
(quantum) sensors and switches, which are envisioned to
play an important future role in the design and construction
of functional devices at the molecular level.”! To fulfil this
purpose, the target compounds’ electronic structure should
be manipulatable by a low energetic external stimulus, such
as thermal,””) mechanical,”” redox,”’ photo,® and solvation®
processes.

The aim of this work was to find a simple and flexible
platform providing tools for the facile reversible manipu-
lation of magnetic and photophysical properties in trivalent
lanthanide organometallic compounds. We decided to tackle
this task by combining findings from our groups, involving
the CNT anion.'"”! Specifically, the smooth transfer of
synthetic protocols developed by Sitzmann etal. and
Nakajima etal. for introducing CNT moieties in the
coordination sphere of divalent barium and europium were
demonstrated with other divalent lanthanides forming
homoleptic [Ln"(n*-CNT),] compounds (Ln=Eu, Sm, Tm,
Yb).'" In this work, a key feature is that the CNT ligand in
homoleptic sandwich compounds can be readily replaced by
tetrahydrofuran or acetonitrile.'™ In the case of trivalent
dysprosium, a partial displacement has also been observed
in the heteroleptic compound [(CNT)Dy"(n’-COT)].*
This observation is a rather unexpected finding in view of
the classic chemistry of lanthanide-cyclopentadienyl deriva-
tives, which generally coordinates to the lanthanide ion in
almost all cases in an irreversible manner."? Inspired by the
labile nature of the CNT ligand, we envisioned that this
original property could also be observable in heteroleptic
trivalent sandwich compounds of the type [(CNT)Ln"(n*-
COT)], which were recently reported.!"”

The concept is to de-coordinate the CNT ligand
selectively and in a reversible manner via a solvation
process. Upon this, the [Ln(n®-COT)]* fragment should
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remain intact due to the strong bonding of the dianionic
COT-ligand to the trivalent lanthanide ion. Removing of the
CNT ligand would induce severe changes to the Ln ion’s
coordination sphere, respectively ligand field, and conse-
quently significantly alter its electronic structure, possibly
resulting in observable changes of physical properties.

Results and Discussion

Upon addition of THF to solid samples of these [(CNT)Ln-
(n*-COT)] (Ln=La, Ce, Nd, Tb, Er) complexes, an immedi-
ate colour change of the insoluble materials can be observed
(La: orange to colourless; Ce: green to light-yellow (at
—10°C) or green to red (at room temperature, see below);
Nd: yellow to green; Tb: orange to colourless; Er: orange to
light-pink). A colour change is often indicative for the
transformation of the chemical environment of lanthanide
ions; in the present scenario, the colour change is very likely
due to THF coordination.!'**!

Structural Characterisation

All [Ln(thf),(#*~-COT)][CNT] compounds are slightly solu-
ble in hot THF and readily form suitable crystals for X-Ray
diffraction upon cooling saturated hot solutions (see Sup-
porting Information section 2.3 for details). According to X-
Ray diffraction analysis, the obtained complexes were
classified in three categories (Scheme 1): Category I consists
of [(n*-CNT)La(thf),(n*-COT)] (1) and [(n*-CNT)Ce(thf),-
(m*-COT)] (24 rt=crystallisation at room temperature).
These compounds feature a slipped n*-coordination of the
CNT ring and do not form ionic species. Category II
comprises of three ionic [Ln(thf),(n*-COT)][CNT] (Ln = Ce-
2, Nd-3, Tb-4; It=low temperature, crystallisation at
—10°C) species, in which the CNT-ring is entirely de-
coordinated. Category III only consists of the ionic species

this work: e _\9

C X
[Ln(thf)(COT)J[CNT] K\D)
. ® ®
_ P tht tnf | thf |
+THF L/ thf : thf_ - thf
— /—»gn_thf or thi-{—thf or S

| O O D

previous work: Category | Category Il Category llI
[(CNT)Ln(COT)] Ln=La,Ce Ln=CeNd,Tb  Ln=Er
x=2 x=4 Xx=3

switchable SMMs
switchable luminophores

Scheme 1. Schematic depiction of the reversible solvation process in
[(CNT)Ln(COT)]/[Ln(thf),(COT)][CNT] (x=2-4) systems. The THF
solvated complexes are obtained by adding the solvent to the solid
precursor—[(CNT)Ln(COT)]—complexes. Application of dynamic vac-
uum resulted in the removal of the coordinated THF solvents, thereby
forming the precursor complexes. The solvation and desolvation
processes are reversible, as inferred from the Raman spectroscopic
studies (vide infra). Ap and AT indicate pressure or temperature
gradients, respectively.
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[Er(thf);(n*-COT)][CNT] (5), with a lower THF coordina-
tion number of three. Hence, different coordination modes
develop along the lanthanide series and can be explained by
the decreasing ionic radii. Interestingly, Ce is the transition
point between the slipped sandwich structures, found in
category I, and the ionic species of categories I and III, as it
can be present in both motifs depending on the crystallisa-
tion conditions. Hence, the slipped ligand structure of
category I can be interpreted as an intermediate en route to
complete CNT ligand substitution. It is important to note
that the formation of compounds 1-5 is entirely reversible,
e.g., drying these compounds under reduced pressure results
in the corresponding precursors [(CNT)Ln(n*-COT)], sim-
ilarly as observed for the [Ln(n’-CNT),] complexes.'* Note
that a related outcome was shown with other types of
coordinating ligands.'""®! The [(n*-CNT)La(CH;CN),(n®-
COT)] (Iyecn) crystal structure is depicted in Figure S17.

Compounds 1 and 2, (category I) feature double fold
THF coordination to the central trivalent Ln ion and a
heavily bent n*-CNT ligand (Figure 1). The Ln-Cgyr dis-
tances range from 2.901(3)-3.131(2) A (La)/2.870(2)-
3.142(2) A (Ce) for the four close carbon atoms to up to
3.711(3)-4.595(3) A (La)/3.619(2)—4.632(2) A (Ce) for the
opposing ones. The bending angle of the CNT-ring accounts
for 23.5° (La)/21.9° (Ce) (FiguresS11 and S12), under-
pinning the n'-coordination mode. Due to the large ionic
radii of La™ and Ce"™, THF can coordinate to the metal
atom without replacing the CNT-ligand entirely. With values
of 2.0287(4) A (La)/1.9940(4) A (Ce) for the Ln-Ctcor (Ct=
ring centroid) and 2.648(2) A as well as 2.619(2) A (La)/
2.5960(13) A and 2.6340(12) A (Ce) for the respective Ln-
Oqyr distances, both are in the expected range.™

The retention of an uncharged structural motif also
rationalises the low recoverable yields of 65% (1-La) and
71 % (2,+-Ce) from solvation experiments, due to tentatively
higher solubility in THF. Interestingly, the La species 1
exhibits the neutral motif regardless of the crystallisation
conditions. In contrast, the Ce solid-state structure depends
on the crystallisation temperature. Crystallisation at room
temperature results in the selective formation of red crystals
of 2,,. In contrast, quick cooling to —10°C without storage at
room temperature solely gives light-yellow crystals of 2, in
90 % vyield (see category II). Once formed, 2 is stable at
room temperature in a THF containing atmosphere.

Figure 1. Molecular structures of [(-CNT)La(thf),(m*-COT)] (1, left)
and [(N*-CNT)Ce(thf),(n*COT)] (2., right) in the solid state. Hydrogen
atoms are omitted for clarity. Thermal ellipsoids are depicted at 50%
probability. C: colourless; O: red; La: orange; Ce: yellow.I"”

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Category II comprises the three [Ln(thf),(n*-COT)]-
[CNT] (Ln=Ce-2;, Nd-3, Tb-4) compounds based on large
to medium sized lanthanide ions. The molecular structures
of complexes 2, 3 and 4 in the solid state exhibit a symmetry
generated disordered COT moiety, however only one part
of the disordered structure is discussed here (see Supporting
Information for further details).

All three complexes have four molecules of THF
coordinated to the central lanthanide ion, completely
replacing the formerly n’-coordinated CNT-ligand, while
leaving the [Ln(n*-COT)]" fragment intact (Figure 2). Two
of the THF ligands are almost perpendicular to the COT-
ring plane, while the others are rotated out of plane by
approximately 90°. The Ln-Ctcor distances decrease from
2.0053)A (2) over 1.960(3) A (3) to 1.887(2) A (4),
reflecting the decreasing ionic radii along the series. Like-
wise, the Ln—O distances average at decreasing values of
2.541 A (2,),2.512 A (3) and 2.454 A (4).

With [Er(thf);(n*-COT)][CNT] (5) category III consists
of only one compound. The molecular structure of 5 in the
solid state shows symmetry generated disordered COT-,
CNT- and THF-moieties; only one part of the disordered
structure will be discussed here (see Supporting Information
for further details). As observed within category II, complex
5 exhibits an ionic motif with THF ligands replacing the
initially bound CNT-ring.

However, the smaller ionic radius of erbium lowers the
number of coordinated THF molecules from four to three
(Figure 3). Despite this change in coordination number, the
Er—Ctcor distance of 1.726(3) A smoothly continues above-
described trend for decreasing Ln—Ctqor distances with
decreasing ionic radii. The same applies for the Er—O
distances, which average at 2.303 A. Remarkably, the
Er—Cteyy distance of 5.4071(4) A is significantly shorter
than the Ln—Ctqyy distances found for 2, 3 and 4. As the
smaller ionic radius of Er'" alone does not justify such a
significant difference, we assume packing effects in the solid
state to play a crucial role.

Raman Spectroscopic Investigations Towards the Reversibility
To trace the process in the solid-state, detailed Raman

spectroscopic investigations were performed. The Raman
spectra of vacuum dried crystalline samples of 1-5, match

\Lw/) Category Il
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Category Il

Figure 3. Molecular structure of [Er(thf);(®-COT)][CNT] 5 in the solid
state. Hydrogen atoms as well as one part of the disordered COT-,
CNT- and THF- moieties are omitted for clarity. Thermal ellipsoids are
depicted at 50% probability. C: colourless; O: red; Er: purple.™

those of the corresponding solvate free [(CNT)Ln(n*-COT)]
compounds, indicating that a negative pressure gradient can
act as external stimulus for the complete removal of THF
(Figures S3-S7). This of course involves the removal of THF
by the attached vacuum pump, making the process irrever-
sible in itself as THF has to be manually added for the
resolvation to take place. Towards an entirely reversible and
self-sufficient process, investigations in a closed glass
compartment were performed trying to use a temperature
gradient as stimulus. De-coordination of THF was triggered
by the heating effect of a laser. After switching off the laser,
the THF again coordinates to the metal replacing the CNT
ligand (see Video S2).

The sample compartment contained deuterated THF
(THF-dy) as solvation source and the compound 2, as an
example for the [Ln(thf),(n®*-COT)][CNT] series (see Sup-
porting Information page 8 for detailed preparation meth-
ods). THF-dg can readily be detected by Raman spectro-
scopy due to intense bands between 2000cm™' and
2300 cm™ arising from C-D vibrations. These C-D bands
are distinctly separated from the C-H bands of [(n’-
CNT)Ce(n*-COT)], making them an ideal target for probing
the THF-dg content. Without a sufficient external stimulus
these bands are very dominant in the spectrum (Figure 4,
blue spectrum). Additionally, the characteristic band of the
Ln-CNT-ring vibration mode at 140 cm™' cannot be ob-
served, indicating that the CNT ligand is not present in the
inner coordination sphere. Aside from spectroscopic evi-
dence, the solvated species 2, can easily be identified by its
colour (2 light yellow, 2, red, [(n’-CNT)Ce(n*-COT)]:
green) and its intense photoluminescence when irradiated

Figure 2. Molecular structures of [Ln(thf),(n®-COT)][CNT] (Ln=Ce (2,) left, Nd (3) middle, Tb (4) right) in the solid state. Hydrogen atoms as well
as one part of the disordered n*-COT-ligand are omitted for clarity. Thermal ellipsoids are depicted at 50% probability. C: colourless; O: red; Ce:

yellow; Nd: green; Tb: light yellow.!"”
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Figure 4. Conversion of 2, to [(n>-CNT)Ce(n’-COT)] inside a Raman spectrometer. Top left: Stable Raman spectrum of 2, recorded at 250 m\W laser
output power. Bottom left: luminescent crystals of 2, and laser focus point (red marker in blue circle) after measurement at 250 mW. Top right:
Raman spectrum recorded at 500 mW, clearly indicating the loss of THF-d; and presence of [(1>-CNT)Ce (175-COT)]. Bottom right: enlarged picture
of the irradiated crystal. The small area of approximately 0.2x0.2 mm (red circle) where the laser beam was focused exhibits a change in colour

and does not luminesce anymore.

with UV-light (see below, no UV response for 2, and [(n’-
CNT)Ce(n’-COT))).

As mentioned above, the desolvation / solvation process
can be realised within a Raman spectrometer equipped with
a Nd:YAG laser (A=1064 nm). We found that the laser can
be used as efficient heating source at high input power. In
fact, the laser beam allows to selectively remove THF from
the sample material on a spatially confined area. While
stable spectra of 2, can be obtained over hours at medium
input power (250 mW), an increase in input power
(500 mW) leads to fast removal of THF, as indicated by
single scan spectra (approximately 20-30 s transition time,
see Video S1). Interestingly, the sample area first changes
colour to red (presumably 2, after five scans, before turning
green ([(W’-CNT)Ce(n®-COT)]) after approximately 15
scans. This agrees with the suggestion of 2, being an
intermediate species in the examined systems. Continuous
scan acquisitions doubtlessly show that all resonances
stemming from THF-d; vanish, yielding a Raman spectrum

Angew. Chem. Int. Ed. 2023, 62, €202218107 (5 of 11)

that is equivalent to isolated crystalline [(n’-CNT)Ce(n*
COT)] (Figure 4, red spectrum). Optical inspection of the
sample surface strongly suggests that the laser beam is
capable of desolvating compound 2, in a spatially resolved
manner (Figure 4, bottom right). As described above, this
process can be reverted by cooling the sample material.
After having established the reversible transformation
between [(CNT)Ln(n’-COT)] and 1-5, we moved towards
elucidating the photoluminescence and the magnetic behav-
iour of selected compounds.

Photoluminescence

In the cases of Ce and Tb, significant differences were
observed between the photoluminescence (PL) properties of
the solvent-free [(n’-CNT)Ln(n*-COT)] (Ln=Ce, Tb) sand-
wich complexes and the solvated species 2, and 4. While the
former ones do not show any remarkable light emission, 2y

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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and 4 show intense photoluminescence upon excitation with
UV-light.

[(n’-CNT)Ce(n®-COT)] is a green solid, which immedi-
ately turns light-yellow upon addition of THF at —10°C,
forming compound 2. The solvated species 2, shows intense
photoluminescence upon excitation with UV-light (note:
THF addition at room temperature initially gives 2, as red
material, which does not show luminescence response).
When dried, the colour of the solid material changes back
from yellow to green within seconds, indicating the renewed
formation of [(n’-CNT)Ce(n*-COT)].
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For [(n’-CNT)Ce(n*-COT)] no luminescence is detect-
able (red line in Figure 5, Video S3). The photolumines-
cence (PL) spectra of 2, express two broad characteristic
approximately gaussian shaped bands at about 500 nm and
540 nm at 298 K (dashed dark blue line in Figure 5),'"! which
both structure upon cooling to 77 K (blue line in Figure 5).
Note that our experimental setup does not allow quantita-
tive comparison, the spectra in Figure5 are therefore
normalised. The emissive bands may be assigned to
transitions from the lowest-excited 5d' (°D) level to the °Fs),
(Amax =505 nm) and *F;;, (Amax =540 nm) spin-orbit levels of
the 4f' configuration."*!”’ While the lower energy emission
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Figure 5. Excitation and emission spectra of 2, [(Ce) (thf),(n*COT)][CNT] (top) and 4 [(Tb) (thf),(n>COT)][CNT] (bottom). PL and PLE spectra were
excited (A )/recorded (A.,) at the depicted wavelengths and temperatures (Blue line: 2,,/4 at 77 K. Dark blue dashed line: 2,,/4 at 298 K. Red line:

2,,/4 after drying in vacuo for 60 s at 298 K).

Angew. Chem. Int. Ed. 2023, 62, €202218107 (6 of 11)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U801 7 SUOWIWIOD BA 81D 3(eol dde aupy Aq peusenob a2 ool VO '8sN JO SaInJ 10} ARIq1T8UlIUO A8]IAA UO (SUORIPUOD-pUe-SWLBIW00" A8 1M Aeq | Ul Uo//Sdiy) SUORIPUOD Pue swid | au1eS " [£202/90/2T] Uo Arlqiaulluo A81IMm ‘or “Ted - Peljmeag sndurd Ng T seuuey od 91SeAIUN Aq L0T8TZZ0Z 9 1Ue/Z00T 0T/I0pA0D" A8 M AReiq 1 Ul |uo//Sdiy Wwolj pepeojumod ‘ST ‘€202 ‘SLLETZST



GDCh
=

band does not shift upon a temperature increase, the higher
energy band shows a slight redshift leading to slightly
different energy separations of 1868 cm™ (77 K) and
1254 cm™' (298 K). Such behaviour was observed before by
e.g., Edelmann and Wickleder et al.'”? Besides a small red-
shift in the onset upon increasing the temperature, the
photoluminescence excitation (PLE) spectra look alike at
both temperatures with maxima at approximately 350-
375 nm and 475 nm. Lifetimes were found to vary from r
~60ns to 90ns (no significant temperature dependence,
Table S13) and are in the expected range for the parity
allowed 4f-5d transition."” In 2, the CNT-ligand is replaced
by four THF molecules, resulting in a similar ligand field
configuration as described for [Ce(COT)I(thf);].*! As the
energy states of the excited ?D level are known to vary as a
function of the ligand sphere, PL spectroscopy of [Ce-
(COT)I(thf);] should express slightly different transition
energies than 2, but otherwise resemble the latter.'® As
expected, the relation is nicely reflected in very similar
luminescence spectra for both compounds (Figure S18).

Analogous to the [(n’-CNT)Ce(n*-COT)]/2, system, [(n’-
CNT)Tb(n*-COT)] changes colour from yellow to colourless
when laced with THF giving the solvent-coordinated com-
pound 4. Complex 4 emits green luminescence when excited
with UV light. Upon drying in vacuo, the change in colour is
reversed and the observed luminescence ceases (red line in
Figure 5 bottom, Video S4). Again, this is strongly indicative
of the formation of [(n-CNT)Tb(n*COT)] and in agree-
ment with the Raman spectroscopic analysis. Obtained
emission spectra for 4 are consistent with reported Tb™
spectra in literature showing lanthanide centred emission
based on an energy transfer from the ligand to the excited
°D, terbium level followed by emissive *D,—'F, phosphor-
escence transitions."™ Upon temperature variation there was
no significant change in energy regarding the emission
spectra. However, for PLE, a loss in structure and a red-shift
in the onset was observed when switching to room temper-
ature. Lifetimes of the excited states of 4 were determined
to be ~95 pus at room temperature and ~570 ps at 77K
(Table S15), being in the range of literature values.!'¥
Although PLE spectra differ in energetic position and band
shape, which is assigned to the different ligands, emission
spectra of 4 and [Tb(COT)I(thf),]'"™ look very alike,
confirming the emission taking place from the lanthanide
centre regardless of the differences in the coordination
environment (see Figure S19).

Magnetic Properties

The manipulable properties upon (de)solvation of the
complexes have been undoubtedly demonstrated through
Raman and PL spectroscopic studies. Moreover, the change
in colour, along with the PL characteristics, clearly indicate
a change in the electronic configuration of the systems. To
test whether the reversible solvation process influences
further the magnetic properties, we investigated the SMM
behaviour of these systems. Complexes 5 and [(n’-CNT)Nd-
(n*-COT)] were found to behave as SMMs, hence in the
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following we will describe the magnetic data of these two
complexes. The objective of the following section is to
emphasise the discrimination of magnetic properties be-
tween the solvated and desolvated complexes within the Er
and Nd systems. The complex [(CNT)Er(n*-COT)] has been
shown to be an SMM,!'™! exhibiting an U.;=361(1) K (at
zero field) and U.;=376(1) K (under an optimal field of
2 kOe), resulting in the observation of open hysteresis loops
until temperatures as high as 10 K. In contrast, complex §
shows distinctly different dynamic characteristics as follows
(Figures 6, S20): (i) the frequency-dependent out-of-phase
magnetic susceptibility (x,,(v)) at zero field ranges from 2 K
to 84K (cf [(CNT)Er(n*-COT)] with y,,(v) ranging from
2K to 26 K); (ii) at 2 K the maximum in y,,(v) is centred at
233 Hz (cf. in [(CNT)Er(n*-COT)] the maximum lies below
1 Hz at 2 K); (iii) in contrast, analysis of the relaxation times
of § at zero field shows that the relaxation occurs through a
multi-step process, where the Raman relaxation plays an
important role, leading to a smaller barrier, U,;=96.7(1) K
(cf. Ugyg=361(1) K in [(CNT)Er(4*-COT)])—the n parame-
ter being much smaller than expected for Kramers ions,
denoting active acoustic and optic phonons!"” (iv) no open
hysteresis loops were found for the THF coordinated
complex 5, while open loops as high as 10 K were found for
[(CNT)Er(#*-COT)]. Similar to [(CNT)Er(*-COT)], appli-
cation of an optimal field of 2 kOe (Figure S21) slightly
decreases relaxation rate, yielding an U.;=118.9(1) K (Fig-
ure S22 and S23). Note that although both Er-COT com-
plexes are dominated by ligand-metal pair anisotropy,”” the
relaxation dynamics upon removal of CNT ligand and
addition of THF molecules are considerably different. This
observation implies that the CNT ligand exerts a relatively
large equatorial anisotropy, which further enhances the Er-
COT dynamics. Note that for [(CNT)Er(n*-COT)] a satu-
ration value at 2K and 7 T of ~5 y; is found, characteristic
of an m;=|=+152> ground doublet of the ‘I,
multiplet.”™*!) In contrast, for 5 a saturation value of 4.6 y; is
obtained at the same field and temperature (Figure S27),
indicating a mixture of m, states which can induce faster
relaxation (vide infra).

The results previously observed for [(CNT)Er(n*-COT)]
and the here reported THF coordinated counterpart §
clearly show that upon solvation, respectively desolvation,
the SMM character of the system can be modulated. This
facilitates clear discrimination between slow and fast
relaxation of the magnetisation. However, the SMM charac-
ter cannot be shut off entirely.

In contrast to § and [(CNT)Er(n®-COT)], an even more
distinct behaviour was found for [(n’-CNT)Nd(n®-COT)]
and the THF coordinated complex 3. No SMM signature
was found for 3 at zero field or upon application of DC
fields. Remarkably, [(n’-CNT)Nd(1*-COT)] is an SMM
upon application of an optimal field of Hpc=2 kOe (Fig-
ure S24). A clear frequency-dependent behaviour is ob-
served in the ac susceptibility studies. The yy,(T) shows a
maximum centred at ca. 8 K (at the highest frequency),
which shifts towards lower temperatures for lower frequen-
cies (Figure S25). The y,,(v) similarly reveals a maximum
centred at 13 Hz at 2 K, which swiftly shifts towards higher

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U801 7 SUOWIWIOD BA 81D 3(eol dde aupy Aq peusenob a2 ool VO '8sN JO SaInJ 10} ARIq1T8UlIUO A8]IAA UO (SUORIPUOD-pUe-SWLBIW00" A8 1M Aeq | Ul Uo//Sdiy) SUORIPUOD Pue swid | au1eS " [£202/90/2T] Uo Arlqiaulluo A81IMm ‘or “Ted - Peljmeag sndurd Ng T seuuey od 91SeAIUN Aq L0T8TZZ0Z 9 1Ue/Z00T 0T/I0pA0D" A8 M AReiq 1 Ul |uo//Sdiy Wwolj pepeojumod ‘ST ‘€202 ‘SLLETZST



Research Articles

Angewandte

intemationaldition’y) Chemie

g@h
Al . i \.%l§$--._._1_._,
10 12 14

2 4 6 8

fast relaxation
Ues = 96.7 K

th . |

thf = ,thf
\Er/

T
=T
IR

10 100

1
C) Temperature / K ) Frequency / Hz
' ' ! NI L I \ L
1.6 0.212 >0 > 0.081 ok Hoc=0F P ] +THF | THE
_ 14 E
S 1.2 3
IS ® Exp E
mE 1 Fit F
1 g ——Raman |
O 0.8 °
~ ] Orbach -
o4 i ol
0.2 le L
0 -\'1 T T T T T T T T T ]
0 1 9876 5 4 3 2 S'ﬁw ':'g;:tl'(""
x'm/cm’ mol’ 1T /K eff

Figure 6. Dynamic magnetic data for the THF solvated complex 5 at zero field with an oscillating AC field of 3.5 Oe. a) y,,(T) and b) x,(v) plots
show the less efficient SMM properties compared to the unsolvated analogue [(1*-CNT)Er(n®-COT)]. Solid lines in panel (b) are fit to the
generalised Debye model. c) Cole-Cole plots and distribution of relaxation times. d) Relaxation analysis for the obtained 7. The relaxation data at

zero field were fitted to 7'

n=0.541(3).

frequencies upon increasing the temperature (Figure 7).
Note that solely Raman process is responsible for the ©(7)
profile, as commonly observed in other Nd-based SMMs.*!
Upon application of DC fields, the Direct process also
becomes active, as revealed by the simulation of the t(H)
data (Figure S24c). Note that y),(v) and the ys/y ratio for
both 5 and [(n’-CNT)Nd(n*-COT)] show that just a fraction
of the samples relaxes (Tables S17-S19 and Figure S20c,
S22a, S25a). This fractional relaxation might be associated
to structural distortions in [(n’-CNT)Nd(n®*-COT)]. For 5, a
deviation from the three legged piano stool motif, that was
established by SCXRD, might account for the
differences.'”?! Nevertheless, the switchable character of
these systems remains intact.

Theoretical Calculations

CASSCF/RASSI-SO calculations were performed on the
XRD crystal structures of 5, [(CNT)Er(n*-COT)], 3 and [(v’-
CNT)Nd(n®-COT)] to give more insight into their magnetic
properties (See Supporting Information for computational
details). Computed energy levels, composition of the g-
tensor and the main components of the wavefunction for
each m; state of the corresponding ground-state multiplet
are given in Tables S20-S23. On this basis, a good agree-
ment is observed with the experimental thermal variation of
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=75 exp(— &) + CT", with the best fit resulting in Usz=96.7(1) K, 7,=2.54(4)x 10~ s™', C=1214(6) s 'K,

xuT and magnetisation versus field data at 2 K for [(n’-

CNT)Nd(n*-COT)] and 5, as presented in Figures S26 and
$27. Calculations show that the SMM properties observed in
[(CNT)Er(n*-COT)] arise from the Ising-type anisotropy of
the ground state (Figure 8) and the highly pure character of
the my; states, comprising the ground and first excited state
as well as the large energy splitting between these
(Table S20). In contrast, CASSCF calculations of the THF
adduct 5 reveal that, although the m; composition of the
ground doublet is highly pure (Table S21), the first excited
m; state is rather mixed and lower in energy than in
[(CNT)Er(n®-COT)], potentially allowing the system to
reverse magnetisation faster than in [(CNT)Er(n*-COT)].l""
This difference of relaxation pathway between [(CNT)Er(n®-
COT)] and the solvated complex 5 is further visible with the
computed magnetic transition moments, presented in Fig-
ure S28 which also reveals a low contribution of the
quantum tunnelling of magnetisation (QTM) mechanism up
to the second excited state for [(CNT)Er(n*-COT)].

While for 5, transverse transition matrix elements
indicate a relaxation of the magnetisation through the
ground state and the first excited state with faster thermally
assisted QTM.

Similarly, computations rationalise the absence of SMM
behaviour for the THF coordinated complex 3 by unveiling
a pseudo-planar anisotropy of its ground doublet state,
visible in Figure 8, with g-values of g,=3.1, g,=0.8 and g,=

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U801 7 SUOWIWIOD BA 81D 3(eol dde aupy Aq peusenob a2 ool VO '8sN JO SaInJ 10} ARIq1T8UlIUO A8]IAA UO (SUORIPUOD-pUe-SWLBIW00" A8 1M Aeq | Ul Uo//Sdiy) SUORIPUOD Pue swid | au1eS " [£202/90/2T] Uo Arlqiaulluo A81IMm ‘or “Ted - Peljmeag sndurd Ng T seuuey od 91SeAIUN Aq L0T8TZZ0Z 9 1Ue/Z00T 0T/I0pA0D" A8 M AReiq 1 Ul |uo//Sdiy Wwolj pepeojumod ‘ST ‘€202 ‘SLLETZST



An dte

Research Articles Chemie
| L | L | L | s | L | L |
a) * Hpg = 2 kOe| —] noSMM
0.06 4 1 Hz 1512 Hz i
S 0.05 = S
:
% 004
2 003 ®
3 thf ,thf_|
2 0.02 thf~Ng—thf
0.01 I
N
0.00 ERE S 2000 R R AR R ELR R
2 4 6 8 10 12 14 1 10 100 1000
Temperature / K d) Frequency / Hz
C) 1 . ! . [ B B . | . |
HDC =2 kOe 0.01 - HDC =2 kOe ®ol +THF _THF
0.06 — P = b ® ® F
i 0.12>a>0.048 o ®
] . .
1S o —
o 0.04 - v L2 o’
5 v o’
S 0.001 - .
s ] o
== 0.02 o - ]
= s 1 e®
. o
8
0.00 T : : . T B T T T T
0.1 0.2 03 876 5 4

®
x'wm 7 cm® mol

Figure 7. Dynamic magnetic data for [(7>-CNT)Nd (7-COT)] with Hpc =2 kOe employing an oscillating AC field of 3.5 Oe. a) ¥,,(T) and b) x,,(v)
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Figure 8. Orientation of the g-tensor components g, (red axis), g,
(green axis) and g, (blue axis) represented with relative size based on
their respective g-value (Tables S20-523) for [(1n*-CNT)Nd (n*-COT)]
(top left), [(CNT)Er(’-COT)] (top right), 3 (bottom left) and 5 (bottom
right), obtained from CASSCF calculations.

2.0, and highly mixed m;=|+72> (46.8%)+ |+5/2>
(30.3%) (Table S22). Likewise, to [(CNT)Er(n*-COT)], the
SMM behaviour of [(1’-CNT)Nd(n®*-COT)] upon application
of an external field arises from its almost pure m;= | £5/2>
(95.0 %) ground doublet state (Table S23).

Additionally, a slow relaxation of the magnetisation
seems possible via its first excited state despite the small
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QTM contribution in the ground state, much less pro-
nounced than in 3 (Figure S28). Calculations were also
performed on the XRD crystal structure of 2y, [(n’-CNT)Ce-
(n*-COT)], 4 and [(n-CNT)Tb(n*-COT)] to interpret the
absence of slow relaxation of the magnetisation in these
compounds (Tables S24-S27). For 2, and [(n’-CNT)Ce(n*-
COT)], the ground state was found pure m,=|+1/2>
(Tables S24 and S25), explaining the planar anisotropy, and
thus discarding the possibility of SMM behaviour. For 4 and
[(’-CNT)Tb(n®-COT)], the computations show a non Ising-
type anisotropy of the non-degenerated ground state with a
pure m;=|0> (Tables S26 and S27), leading again to the
impossibility of SMM behaviour. The calculations provide
an explanation for the different magnetic behaviours
between solvated and desolvated compounds through the
computed energy levels and wavefunctions, specifically for
the absence of SMM behaviour for 3, while [(n’-CNT)Nd(n*
COT)] is a modest SMM upon application of an external
field.

Conclusion

Our findings demonstrate that the properties of different
[(CNT)Ln(n®*-COT)}/[Ln(thf),(n*-COT)][CNT] systems can
be manipulated by reversible solvation or desolvation,
respectively. These systems can be employed to orchestrate
the SMM behaviour of the Nd and Er species as well as the
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Iuminescence of the Ce and Tb complexes. This behaviour is
facilitated by the labile nature of the CNT-ligand in the
common organic donor solvent tetrahydrofuran. The process
is repeatable and can be controlled by external pressure or
temperature stimuli, enabling selective modification of the
ligand sphere in a solid-to-solid transformation. An external
heating approach using a Nd: YAG laser additionally allows
to perform this process spatially resolved and self-sufficient
in an inert vessel. The luminescent systems Ce and Tb are
therefore capable of reaching a switch-like state at operating
conditions. At the same time, the current chemical identity
of the system can be monitored by Raman spectroscopy.
Aided by optically guided devices as for example Raman
microscopes, these results might give impulses towards the
technical realisation of switchable SMMs and luminophores
that can be targeted, controlled, and monitored in a spatially
resolved manner. An important milestone towards high-
performance switchable materials.
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